More than 1,600 genes encoding transcription factors have been identified in the Arabidopsis genome sequence, but their physiological functions are not yet fully understood. In this study, a small subfamily of single-MYB transcription factor genes, designated RSM1, RSM2, RSM3 and RSM4 (RADIALIS-LIKE SANT/MYB 1-4), was characterized. Here, we mainly examined the RSM1 gene, and found that it appears to play a role in close connection with the HLS1 (HOOKLESS 1) gene during early morphogenesis. Etiolated seedlings overexpressing RSM1 showed several phenotypes similar to those of hls1-1, viz., lack of apical hooks with short hypocotyls, and a defect in gravitropism. Furthermore, both RSM1-ox and hls1-1 seedlings were hypersensitive to red light during early photomorphogenesis, displaying shorter hypocotyls than wild-type seedlings. The histochemical profile of the DR5::GUS auxin-reporter in the RMS1-ox seedlings was considerably different from that in the wild-type seedlings. These results are discussed in the context of the possibility that RSM1 is implicated in HLS1-mediated auxin signaling, which is responsible for regulation of the early photomorphogenesis of Arabidopsis thaliana.
More than 1,600 transcription factor genes have been identified in the Arabidopsis genome sequence, representing approximately 6% of the total number of genes. 1) These transcription factor genes can be grouped into a certain number of families. Among these, the MYB family has the largest number of members, consisting of about 200 different genes.
2) MYB stands for the myeloblastosis viral oncogene (v-MYB), and MYBrelated genes were first identified in vertebrates, then in insects and plants. 3) Interestingly, the numbers of MYBrelated genes in plants (Arabidopsis) are remarkably higher than those found in animals. Hence Arabidopsis MYB-related genes must play divergent roles temporarily and spatially throughout the life cycle. In the past decade, some Arabidopsis MYB-related genes have been subjected to examination, revealing a wide range of biological functions. [4] [5] [6] [7] [8] [9] Nevertheless, a large number of MYB-related genes remain elusive. In this study, we focused on a small subfamily of as-yet uncharacterized MYB-related genes, each of which encodes a transcription factor containing a single SANT (SWI3/ ADA2/N-CoR/TFIIIB)/MYB DNA-binding domain, which is highly homologous to the RADIALIS gene product of Antirrhinum majus. 10, 11) The Antirrhinum RADIALIS gene has been identified as an important factor in the genetic pathway that is implicated in the regulation of floral asymmetry. 12) A recessive mutation of this gene results in a symmetrical (or radial) floral morphology. In this morphogenesis, the proposed genetic pathway consists of CYCLOIDEA (CYC), DICHOTOMA (DICH), RADIALIS (RAD), and DIVARICATA (DIV), in which CYC and DICH encode transcription factors belonging to the TCP (TB1/CYC/ PCF) family, while RAD and DIV encode proteins belonging to the MYB superfamily of transcription factors. [10] [11] [12] This Anthirrhinum genetic pathway has been characterized as a model system for a better understanding of the mechanism of floral asymmetry. An inspection of the Arabidopsis genomic sequence y To whom correspondence should be addressed. Tel: +81-52-789-4090; Fax: +81-52-789-4091; E-mail: yamasino@agr.nagoya-u.ac.jp Abbreviations: ACC, 1-amino-cyclopropane-1-carboxylic acid; CaMV, Cauliflower Mosaic Virus; CCA1, CIRCADIAN CLOCK-ASSOCIATED 1; Col, Columbia-0; COP, CONSTITUTIVE PHOTOMORPHOGENESIS; CPC, CAPRICE; CYC, CYCLOIDEA; DICH, DICHOTOMA; DIV, DIVARICATA; HLS1, HOOKLESS 1; IAA, indole-3-acetic acid; MES, 2-morpholinoethanesulfonic acid; RAD, RADIALIS; RSM, RADIALIS-LIKE SANT/MYB; TCP family, TB1/CYC/PCF family; TRP1, TEROMEA REPEAT BINDING PROTEIN 1 revealed that this model plant with symmetrical floral organs also possesses a set of highly homologous counterparts of the Antirrhinum RAD gene (see Fig. 1 ). The Arabidopsis RAD-like family consists of at least four members (hereafter designated RSM1, RSM2, RSM3 and RSM4, RADIALIS-LIKE SANT/MYB 1-4). The results of recent studies on the Antirrhinum RAD gene in Arabidopsis imply diversification and co-option of the functions of RAD-like genes in the evolution of floral asymmetry. 10) This suggests that the Arabidopsis RAD-like (RSM) genes might play roles in an as-yet unidentified developmental process that is not necessarily relevant to the floral architecture. Hence, clarification of this issue should yield insight into the functional diversification of large MYB-related super-family genes with reference to the evolutionarily adaptive strategy of higher plants.
Based on the experimental rationales mentioned above, in this study we characterized the RSM1 gene, showing that this MYB-related RAD-like gene plays a role with a close connection to the HLS1 (HOOKLESS 1) gene during the early morphogenesis of Arabidopsis seedlings. This finding is interesting in that HLS1 is implicated in auxin-mediated morphogenesis, as discussed below.
Materials and Methods
Plant materials and growth conditions. The Arabidopsis thaliana lines used in this study were derivatives of Columbia-0 (Col). Nucleotide positions are reported below relative to the inferred initiation codon (+1). To construct the Cauliflower Mosaic Virus (CaMV) 35S promoter::RSM1 fusion gene, the entire coding sequence of RSM1 cDNA was amplified from an A. thaliana cDNA library using primers 5 0 -attcccgggaatggcatcaggctcaatgtc-3 0 (italic region, SmaI) and 5 0 -gtgcccgggcacatctctctgaagtgattctc-3 0 (italic region, SmaI). The amplified 394 bp DNA fragments were digested with SmaI and purified. Then they were cloned into the blunt endformed XbaI site of binary vector pSK1 13) to make the RSM1 gene under the control of the constitutive CaMV 35S promoter. The construct was introduced into Agrobacterium tumefaciens strain EHA101, and then wild-type Arabidopsis plants (Col) were transformed by vacuum infiltration procedures. rsm1-1 is the SAIL 764 C07 T-DNA insertion line, 14) whose mutation was determined to be located in the first intron of RSM1 (at position +304; the other side of the insertion point was not determined). rsm2-1 is the GABI 411 B06 T-DNA insertion line, 15) whose mutation was determined to be located in the first exon of the RSM2 coding sequence (at position +212/+236). The rsm1-1 rsm2-1 double mutant was generated by crossing. hls1-1 was a gift of Dr. Joseph R. Ecker (The Salk Institute for Biological Studies). 16) etr1-1 was a gift of Dr. Caren Chang (University of Maryland).
17) The transgenic plant expressing an auxin regulated reporter, DR5::GUS was a gift of Dr. Tom Guilfoyle (University of Missouri). 18) Seeds were imbibed and cold treated at 4 C for 2 d in the dark before germination under light. Plants were grown in a chamber with fluorescent lights (70-80 mmol m À2 s À1 ) at 22 C on soil and/or 0.8% agar plates containing MS salts, 0.05% 2-morpholinoethanesulfonic acid (MES), and 1% sucrose, pH 5.7, unless otherwise noted. When they grown in the dark, they were incubated at 22 C under fluorescent lights for 3 h for germination. If necessary, ACC was added to the agar plates. In some cases, 0.3% gellan gum plates were used instead of agar plates. The light/dark conditions used were continuous dark, continuous light and 16 h light/ 8 h dark, as noted for each experiment.
Expression analysis with GUS activities. Detection of GUS activity was carried out according to the method described previously, 19) with some modifications. Seedlings of 5 d were first placed in 90% acetone on ice for 15 min and in staining reaction buffer solution (750 mg/ml 5-bromo-4-chloro-3-indolyl--D-glucuronide, 100 mM sodium phosphate [pH 7], 3 mM K 3 F 3 (CN) 6 , 10 mM EDTA, 0.1% Nonidet-P40) under moderate vacuum pressure (500 mmHg) for 16 h at room temperature. Then they were transferred into 70% ethanol. After 30 min, they were placed in destaining solution (6 vol. of ethanol, 1 vol. of acetic acid) for more than 1 h. They were transferred to 70% ethanol again. After 30 min, they were placed in chloral hydrate solution (trichloroacetaldehyde monohydrate:glycerol:water = 8 g:1 ml:2 ml) for 1 h. Samples were observed by a stereomicroscope (MS420, Leica, Solms) with a cooled CCD camera (DC300F, Leica, Solms) and a Nomarski microscope (E600, Nikon, Tokyo) with a digital camera (COOLPIX990, Nikon, Tokyo).
Confirmation of rsm1-1 and rsm2-1 mutations by RT-PCR analysis. Transcripts from rsm1-1 and rsm2-1 were analyzed by the RT-PCR method. 3 mg of RNA from the wild-type and plants carrying each mutation was reverse transcribed with RNA PCR Kit (AMV) Ver. 2.1 (Takara, Kyoto, Japan) and oligo dT primer to synthesize single-strand cDNA. The synthesized cDNA was subjected to amplification with saturating numbers of PCR cycles using gene specific primers, as follows: (RSM1F: Examination of red light response in early photomorphogenesis. To examine the light response in the early photomorphogenesis of plants, seeds were sown on gellan gum (0.3%) plates containing MS salts. Sucrose was omitted from the medium in order to sensitize the seedlings more properly to a given fluence rate of red light. They were kept at 4 C for 48 h in the dark. Then the seeds were exposed to white light for 3 h at 22 C in order to enhance germination, followed by incubation at 22 C for 21 h in the dark again. The plants were grown for 72 h under continuous light with a varied range of fluence rates, or in the dark. As light sources for continuous irradiation, light-emitting diodes (LEDs) were used: for red light, STICK-mR ( max ¼ 660 nm, TOKYO RIKAKIKAI, Tokyo).
Quantification of phytohormones. For measurement of IAA, 5 pmol of stable isotopes ( 2 H 5 -IAA, OlchemIm, Olomouc, Czech Republic) was added to the extract as an internal standard. Extraction and fractionation were carried out by the method of Dobrev and Kamínek. 20) The fraction eluted by methanol was further purified using DEAE-cellulose. The hormones were measured with a liquid chromatography-mass chromatography system (UPLC/Quattro Ultima Pt; Waters) with an ODS column (AQUITY UPLC BEH C 18 , 1.7 mm, 2:1 Â 50 mm, Waters) at a flow rate of 0.25 ml min À1 with the gradients of solvent A (0.05% formic acid) and solvent B (0.05% formic acid in acetonitrile) set according to the following profile: 0 min, 99% A + 1% B; 13 min, 66% A + 34% B; 15 min, 99% A + 1% B.
Results

A small family of RADIALIS-LIKE SANT/MYB transcription factors
Among about 200 genes in the Arabidopsis MYB super-family, 64 genes have been classified into a heterogeneous group, collectively referred to as MYBrelated family genes, the products of which usually but not always contain a single MYB domain.
2) For instance, they include the well-characterized clockassociated CCA1 (CIRCADIAN CLOCK-ASSOCIATED 1) gene, 21) the CPC (CAPRICE) regulator for trichoblast fate, 22, 23) and the TRP1 (TEROMEA REPEAT BINDING PROTEIN 1) family proteins 24) (Fig. 1 ). Beside these representatives, four highly homologous genes constitute a small MYB-related subfamily the members of which are distinct from those belonging to the CCA1-like subfamily (consisting of 15 members), the CPC-like subfamily (consisting of 7 members), and the TRP1-like subfamily (14 members). As shown in Fig. 1 , these MYB-related proteins (At1g19510, At1g75250, At2g21650, and At4g39250) are interesting in that their entire amino acid sequences are highly similar to that of RADIALIS (RAD) of Antirrhinum majus. 10) In addition to the common single MYB domain, generally referred to as the SANT/MYB domain (http://mips.gsf.de/), they also share a short C-terminal conserved sequence with RADIALIS (see the hatched box in Fig. 1 ). Thus these RADIALIS-like genes appear to have evolved from a common ancestor gene. Recently, it was suggested that Arabidopsis thaliana has six RAD-like genes (AtRL1 to AtRL6).
10) But this classification is confusing because AtRL3 (At4g36570) and AtRL4 (At2g18328) are considerably divergent from those belonging to the RSM family in the strict sense that the former two lack the C-terminal signature sequence. To avoid confusion, here the four Arabidopsis genes were tentatively designated RSM (RADIALIS-LIKE SANT/MYB), RSM1 (At2g21650), RSM2 (At4g39250), RSM3 (At1g75250), and RSM4 (At1g19510) respectively. Based on the assumption that the RSM gene-products serve as transcription factors in Arabidopsis thaliana, we attempted to gain insight into the function(s) of these genes. Arabidopsis RSM1, RSM2, RSM3 and RSM4 were identified as homologs of Antirrhinum RADIALIS not only from similarity with the characteristic SANT/MYB domain, which is classified as part of MYB-related I-box binding like domain 1 (Riechmann et al. 2000) , but from an extended short conserved sequence. Amino Acid sequences including the SANT/MYB domains of RADIALIS (the region was 7-86, expressed relative to the amino acid position of the first inferred Met residue.), RSM1 (7-94), RSM2 (7-93), RSM3 (7-89), RSM4 (7-92), CCA1 (23-102), CPC (34-94), and ATTRP1 (467-546) were aligned using the ClustalW program, in which the pairwise similarity scores are used to build a phylogenetic tree by the Neighbor-Joining method. The amino acid sequences of the SANT/MYB domains (gray region) and the extended short conserved sequences (surrounded by a hatched box) of RADIALIS and RSM1 (At2g21650) were compared with each other.
Isolation of T-DNA insertion mutants in the RSM1
and RSM2 genes A direct approach to defining the physiological function of a given RSM gene is to characterize each loss-of-function (or null) mutant. To this end, we isolated homozygous T-DNA insertion mutants, designated rsm1-1 (SAIL 764 C07) and rsm2-1 (GABI 411 B06) ( Fig. 2A) . The full-length transcript was not detected in the rsm2-1 mutant (data not shown). In the case of rsm1-1, however, a T-DNA is inserted within the intron located at the very 3 0 -end of the RSM1 coding sequence, and nearly intact transcripts were detected in the rsm1-1 seedlings (data not shown). Thus the rsm1-1 mutant would not be a defective allele (no other mutant allele is available for the public at present). Considering these, these homozygous T-DNA insertion mutant plants (rsm1-1 and rsm2-1) were grown on MS agar-plates and in soil under standard laboratory growth conditions for observation of phenotype. They grew well as normally as the wild-type, and eventually set reproductive flowers and seeds. We could not detect any overt phenotype for these mutant plants throughout the life cycle. It is worth mentioning that these mutant plants developed floral organs with a highly symmetric morphology (data not shown). Next, we constructed a homozygous rsm1-1 rsm2-1 double mutant line, but we could not detect any overt phenotype also for the double mutant plant. For further characterization of the RSM genes, we must isolate another appropriate rsm1 loss-offunction mutant, and we must construct certain rsm triple and/or quadruple mutants among rsm1, rsm2, rsm3 and rsm4. Meantime, in the hope of gaining clues regarding the function of RSM1, we decided to adopt another conventional genetic strategy by establishing a transgenic line overexpressing (or ectopically expressing) the RSM1 gene. The results of the reverse genetics approach provided us with insight into the physiological function of RSM1, as described below.
Isolation of transgenic lines overexpressing the RSM1 gene
To this end, a composite 35S::RSM1 transgene (cDNA) was introduced into the wild type (accession Columbia, Col), and several independent transgenic lines were established by confirming that they expressed large amounts of RSM1 transcripts under the control of the Cauliflower Mosaic Virus (CaMV) 35S-promoter (Fig. 2B ). These homozygous transgenic (T3) plants (named RSM1-ox [Line #1, #8, #9, and #11]) were grown on MS agar-plates and in soil for observation of phenotype. Although these RSM1-ox plants tended to develop primary inflorescence slightly later than the wild-type plants, otherwise they grew up as normally as the wild-type plants did, and eventually they set flowers with normal morphology (Fig. 2C) . When we examined the RSM1-ox transgenic seedlings more closely, however, we noticed several interesting phenotypes common to these RSM1-ox transgenic lines. In this study, the results for the RSM1-ox (L#11) line are mainly presented (note that replicated experiments were carried out with other RSM1-ox lines).
RSM1-ox etiolated seedlings are ''hookless'' First we found that RSM1-ox etiolated seedlings lacked a robust apical hook, the hallmark of dark-grown seedlings (Fig. 3A) . Such ''hookless'' phenotypes have been reported for several distinct mutants (hookless 1 to 3), the representative of which is hls1 (also known as cop3, constitutive photomorphogenesis 3). 16, 25, 26) The HLS1 gene was proposed to be an important regulator that links the ethylene signal to the downstream auxin signal, modulating hook formation and maintenance. Hence the hookless phenotype of RSM1-ox was further examined in comparison with the authentic hls1-1 mutant (Fig. 3A) . The triple responses caused by an ethylene precursor (1-amino-cyclopropane-1-carboxylic acid [ACC]) were also assessed (Fig. 3B) . As a reference, we also employed the etr1-1 (ethylene resistant 1) mutant, which is defective in ethylenemediated primary signal transduction per se. The results showed that the RSM1-ox seedlings responded to ACC by exhibiting short, thick hypocotyls. These responses of RSM1-ox to ACC resembled those of the hls1-1 seedlings, but did not resemble those of the etr1-1 seedlings. Furthermore, the hook formation was not strongly exaggerated by ACC, as compared with the case of ACC-treated wild-type seedlings. As compared with the case of hls1-1 seedlings, however, the hook formation of RSM-ox seedlings was affected by ACC to a considerable extent. Taken together, these results suggest that the hookless phenotype of RSM1-ox is not due primarily to a defect in the canonical ethylene signal transduction pathway. Rather, it was found that there might be a close functional linkage between the RSM1 and HLS1 genes.
SANT-MYB
RSM1-ox seedlings display short hypocotyls in the dark As mentioned above, certain hls1 (or cop3) mutants also showed a phenotype of constitutive photomorphogenesis. 27) Even when germinated in the dark, the hls1-1 seedlings especially displayed short hypocotyls with open cotyledons (Fig. 3C) . In other words, the elongation of hypocotyls of hls1-1 was attenuated after incubation for several days in the dark, while the wildtype etiolated seedlings continued to elongate. In this respect also, the nature of the RSM1-ox seedlings was apparently similar to that of the hls1-1 seedlings. In other words, the COP phenotype was also observed for RSM1-ox, albeit less strikingly (Fig. 3C ). These results (Fig. 3A , B, and C) together suggest that the phenotypes of RSM-ox seedlings resemble those of a weak (or leaky) allele of hls1.
RSM1-ox etiolated seedlings are defective in gravitropism of the hypocotyls
It is well known that the hypocotyls of wild-type etiolated seedlings tend to elongate vertically against gravity (negative gravitropism) when germinated in the dark (Fig. 4) . We found that the hypocotyls of RSM1-ox etiolated seedlings tended to grow in random directions on the plates. In other words, RSM1-ox etiolated seedlings appear to be defective in gravitropism of the hypocotyls. It was thus of interest to examine hls1-1 seedlings with special reference to gravitropism (Fig. 4) . hls1-1 seedlings also showed a similar anomaly in gravitropism of the hypocotyls. It would be noted that the anomalous phenotype of hls1-1 as to gravitropism has not been notified.
The gravitropism of the roots was also examined for RSM1-ox and hls1-1 seedlings, but the roots of RSM1-ox and hls1-1 young seedlings, grown under light on vertically-oriented plates, responded normally to gravity (data not shown). The stems of the primary and secondary inflorescences of the RSM1-ox and hls1-1 adult plants did not show any sign of a defect in gravitropism (data not shown). Hence the phenotype of RSM1-ox and hls1-1 seedlings with respect to the gravitropism appeared to be specific to the darkelongated hypocotyls. Whatever the cause of this phenotype, this observation is also indicative of a link between the functions of RSM1 and HLS1.
Both RSM1-ox and hls1-1 young seedlings have short hypocotyls under red light
We found that when RSM1-ox seedlings were germinated under red light or white light, their hypo- cotyls were considerably short as compared with those of the wild-type seedlings (Fig. 5A ). This phenotype of RSM1-ox was further confirmed when the lengths of the hypocotyls were examined in a quantitative manner under a wide range of fleuence rates of red light (Fig. 5A ). RSM1-ox seedlings were also examined with varied fleuence rates of far-red light and blue light, but the lengths of the hypocotyles were comparable with those of the wild-type seedlings (data not shown). These results suggest that RSM1-ox seedlings are hypersensitive specifically to red light during early photomorphogenesis. Additionally, the question arose as to whether hls1-1 seedlings would show the same phenotype. The results indicated that this is the case (Fig. 5A ). This novel phenotype of hls1-1 also has not been notified previously. Thus it was revealed that RSM1-ox and hls1-1 young seedlings displayed several common phenotypes, not only in the dark but also in the light.
We observed pleiotropic and characteristic phenotypes for RSM-ox (L#11) seedlings germinated under both continuous dark and light conditions (Figs. 3, 4 , and 5). Additionally, confirming results by employing other independent RSM-ox lines (L#1 and L#18) are shown in Fig. 5B .
The function of RSM1 with special reference to auxin To gain further insight into the function of the RSM1 gene, the physiological role of the HLS1 gene should be taken into consideration. In this regard, the following scenario as to the function of HLS1 is currently acknowledged. 16, 25, 26) It is generally believed that an asymmetric auxin distribution in apical hook tissues causes differential auxin responses in the region, resulting in asymmetric cell elongation of hypocotyls, and then formation of the apical hook structure. In this regard, the HLS1 protein was proposed to cause asymmetric auxin-distribution and differential auxin responses, and/or the HLS1 protein negatively regulates the functions of certain auxin response transcription factors (ARF1/ARF2), which act as negative regulators of differential auxin responses in the apical hook. These HLS1-mediated events result in differential auxin responses, induction of auxin on the inner side, inhibition of cell elongation, and eventually formation of the apical hook. It may also be noteworthy that the HLS1 gene encodes a putative N-acetyltransferase, the substrate of which might be an IAA (indole-3-acetic acid)-related metabolite. 16, 25, 26) These lines of previous results consistently indicate that HLS1 acts as Seeds of Col, RSM1-ox and hls1-1 were sown on agar plates containing MS salts in a line. They were incubated in the dark at 22 C for 4 d. Longitudinally-arranged seedlings (top panel) and laterally-arranged seedlings (other panels) are shown. a regulator of auxin homeostasis and/or signal transduction. It was thus tempting to speculate that the RSM1 gene might also be implicated in the regulation of auxin homeostasis. Hence we decided to characterize RSM1-ox plants with special reference to auxin signaling.
We measured the content of auxin in dark-grown RSM1-ox etiolated seedlings in comparison with that in wild-type and hls1-1 etiolated seedlings (Fig. 6) . The IAA-contents, determined for the aerial part of the seedlings (4-d-old), were not significantly different from one another, 46.0 pmol/g fresh weight (FW) in Col, 38.2 pmol/g FW in RSM1-ox, and 31.2 pmol/g FW in hls1-1, as far as practically effective concentrations were concerned. These results reminded us of the general view that the static state of auxin-content in whole plants is not sufficient for insight into the molecular linkage between the function of RSM1 (HLS1 also) and auxin, because local, temporal, and spatial changes in auxindistribution in RSM1-ox must be considered. Then we next attempted to address this issue as follows.
Examination of auxin distribution in RSM1-ox seedlings
Transgenic plants carrying the hallmarked auxinresponsive DR5::GUS reporter gene 18) were crossed with the RSM1-ox transgenic line (L#9 and L#11), and histochemical profiling was carried out with F1 progeny. Etiolated seedlings, grown in the presence and the absence of ACC, were subjected to histochemical GUS-staining analysis (Fig. 7) . The results of Col seedlings (upper panels) were consistent with the thesis that an asymmetric auxin distribution in apical hook tissues causes differential auxin responses in the confined region, resulting in asymmetric cell elongation of hypocotyls and then formation of the apical hook structure. Enhanced induction of auxin on the inner side of apical hook was also observed in the presence of ACC, which caused exaggerated apical hook in Col. In contrast, no such event was observed for both the lines (L#9 and L#11) of RSM1-ox (Fig. 7 , middle and lower panels). Instead, an anomalous distribution of auxin was observed within the cotyledons of RSM1-ox as compared with Col. This was particularly evident in the ACC-treated RSM1-ox cotyledons. These results are indicative of an anomalous distribution of local auxin in RSM1-ox seedlings. This anomalous auxin distribution might be a cause of the observed pleiotropic phenotypes of RSM1-ox (e.g., hookless, short hypocotyls, loss of gravitropism), as discussed below with special reference to the function of HLS1. It is worth mentioning that expression of the DR5::GUS reporter in the apical hook of hls1-1 mutant has been examined by Li et al., with results quite similar to that shown here for the RSM1-ox seedlings (see Ref. 25 , Fig. 5 ). 
IAA-contents
Discussion
We characterized the RSM genes, which constitute a small family of MYB-related genes (Fig. 1) . In this study, we focused particularly on the RSM1 gene. The RSM1 protein is interesting in that the entire amino acid sequence is highly homologous to RADIALIS (RAD) of Antirrhinum majus. The Antirrhinum RAD gene is important to asymmetric floral architecture. In this study, it was first suggested that the Arabidopsis RADlike RSM1 appears to play a divergent role other than that associated with floral asymmetry. This is consistent with the concept of diversification and co-option of RAD-like genes in the evolution of floral asymmetry, as recently discussed by Baxter et al.
10) The results of this study provided us with information as to the function of the Arabidopsis RAD-like transcription factor: RSM1 might be associated with HLS1, which was originally implicated in apical hook formation.
An inspection of current comprehensive microarray databases revealed that expression of RSM1 is particularly evident in the hypocotyls and cotyledons of young seedlings, the flower buds and the pistils (see the Arabidopsis ePF Browser developed by Winter et al., 28) http://bbc.botany.utoronto.ca/efp/cgi-bin/efpWeb.cgi). Significant expression of RSM1 in both the dark-grown and light-grown young seedlings was also experimentally confirmed in this study by semi-quantitative RT-PCR analysis (data not shown). Further, we examined the expression levels of RSM1 in the hls1-1 seedlings (Fig. 8, left) , and the expression levels of HLS1 in the RSM1-ox seedlings (Fig. 8, right) . It was suggested that the RSM1 gene is not enhanced in hls1-1 seedlings, and that the HLS1 gene is not severely repressed in RSM1-ox seedlings. The results indicate that there is no direct linear linkage between HLS1 and RSM1 as far as transcriptional regulation is concerned.
As schematically represented in Fig. 9 , HLS1 was originally identified as an important regulator implicated in the formation and maintenance of the apical hook of dark-grown etiolated seedling in response to ethylene. 16, 26) HLS1 is inferred to be a N-acetyltransferase whose physiological function has not yet been defined. 25) It is believed that HLS1 modulates asymmetric auxin distribution (or differential auxin response) through affecting local auxin homeostasis (or auxin signaling). More specifically, it has been proposed that HLS1 negatively regulates ARF1/ARF2, which in turn act as negative regulator for apical hook maintenance. The results of this study revealed several new phenotypes of hls1-1: (i) defective in gravitropism of dark-grown hypocotyls, and (ii) hypersensitive to red light with regard to inhibition of hypocotyl elongation. These new phenotypes of hls1-1 are not unexpected, because many previous studies imply close linkages between auxin and the regulation of gravitropism and/or regulation of hypocotyl elongation in response to light 25, [29] [30] [31] [32] [33] Thus HLS1 might play much wider roles than thought originally. In other words, HLS1 might serves as an important regulator during the early morphogenesis of young seedlings, particularly through modulating auxin homeostasis, as schematically summarized in Fig. 9 . Based on this plausible framework as to HLS1-auxinmediated biological events, the results of this study led us to propose hypothesis as to the function of RSM1, that RSM1 might be a negative regulator of the HLS1-auxinmediated signal transduction pathway in young seedlings.
We do not know anything about the molecular basis of the inferred linkage between the RSM1 transcription factor and of the HLS1-auxin-mediated signal transduction. This is partly due to the lack of knowledge about the molecular function of HLS1 itself in terms of auxin signal transduction. In the hope of gaining a hint in this regard, auxin content was measured for RSM1-ox and hls1-1. The results of these static analyses did not provide us with specific information on the function of RSM1 with special reference to auxin. This is not surprising, because the actions of auxin are generally attributed to dynamic, spatial (or local), and temporal changes in auxin distribution in plants. Indeed, we found an anomalous distribution of auxin within the hypoco- Col, RSM1-ox and hls1-1 plants were grown on gellan gum plates containing MS salts and 1% sucrose under constant light conditions at 22 C for 7 d. They were harvested, and total RNA was purified with an RNeasy kit (Qiagen, Valencia, CA). 3 mg of each RNA was reverse transcribed with RNA PCR Kit (AMV) Ver. 2.1 (Takara, Kyoto, Japan) and oligo dT primer to synthesize single-strand cDNA. The synthesized cDNAs were amplified by PCR using primers, 5 0 -cacaaaaccaaacatcatcaactttag-3 0 and 5 0 -gtgcccgggcacatctctctgaagtgattctc-3 0 for RSM1, 5 0 -cgctcatcgagttaatgtttcgc-3 0 and 5 0 -gaagtccaaaaggttcgaaaacgg-3 0 for HLS1, and 5 0 -tgggaactctgctcatatct-3 0 and 5 0 -gaaaggaatgaggttcactg-3 0 for TUB6. PCR products were subjected to 1.4% agarose gel electrophoresis, stained with ethidium bromide, and then quantified by LAS-3000 (Fuji Xerox, Tokyo) equipped with Multi Guage Ver2.2 software. The cycles of PCR were varied from one RNA sample to another, and several different cycles (at least three) were adopted for a given RNA sample (from 20 cycles up to 28 cycles), in order to amplify dsDNA in a semiquantitative manner. Transcripts of TUB6 were used as a normalization control. Relative levels of transcripts of RSM1-ox and hls1-1 backgrounds to Col are presented. It could be noted that hls1-1 is a missense mutation. 16) tyls and cotyledons of RSM1-ox as compared with wildtype seedlings. This anomaly of auxin distribution in RSM1-ox seedlings might be a cause of the pleiotropic phenotypes observed for RSM1-ox. This is compatible with the hypothetical view shown in Fig. 9 .
With regard to this hypothetical view, it should be noted that the hls1-1 mutant exhibited a much stronger phenotype than did the RSM1-ox seedling as far as the hookless and constitutive photomorphogenesis phenotypes were concerned (Fig. 3) , whereas the RSM1-ox seedling exhibited a more robust phenotype as far as light sensitivity as to hypocotyl elongation was concerned. Taking the results of Fig. 8 into consideration, this might be explained by assuming that the function of RSM1 is linked to the HLS1-mediated signaling pathway at a far downstream point, where the signaling pathway diverges into several distinct sub-pathways, as schematically shown in Fig. 9 . Verification of these hypothesis discussed above must await further experimentation through a more extensive genetic approach, constructing an RSM1-ox line in arf1 arf2 double knockout mutant background, or constructing a hls1 rsm1 double knockout mutant, for example.
In this context, rsm1-1 rsm2-1 double mutant seedlings displayed no overt phenotype, even when they were examined with special reference to apical hook formation, gravitropism, and red light sensitivity (data not shown). This is probably because the rsm1-1 mutant would not be a desirable (or proper loss-of-function) mutant. At present, unfortunately, no other proper rsm1 mutant allele is available to the public. Besides, Arabidopsis thaliana has four homologous RSM genes, which might play redundant roles. In the future, it is necessary to construct appropriate rsm multiple mutant lines to detect overt phenotypes. A microarray transcriptome of RSM1-ox might also provide a hint concerning the molecular function of RSM1.
In conclusion, Arabidopsis thaliana has a large superfamily of MYB-related transcription factors, which should be implicated in a wide variety of biological processes. We focused our attention on the small subfamily of single MYB proteins consisting of four members (RSM1 to RSM4), whose functions have not yet been examined. In this study, we uncovered information on the function of RMS1. It was found that there is a close link between the functions of RSM1 and HLS1, the latter of which is involved in the auxin-mediated early morphogenesis of seedlings. Thus the small RSM family of MYB-related transcription factors should provide a unique opportunity for a better understanding of the auxin-associated signal transduction network in Arabidopsis thaliana. A more extensive comparison of the phenotypes of RSM1-ox and hls1-1 adult plants at late developmental stages is also of interest.
